Sample bias is a fundamental issue in analyses of diversity. The adequacy of the fossil record continues to be questioned, especially at fine taxonomic and spatial scales. Here we evaluate the impact of variability in sampling intensity on diversity patterns of Late Cambrian trilobite faunas of Laurentian North America across a spectrum of five shelf environments. The data set consists of nearly 2000 samples from the published literature and 55 field collections that provide an independent estimate of diversity in each environment. Collections from the literature are distributed unevenly among environmental groupings; shallow subtidal carbonates account for almost half of the total. However, despite the strong sampling bias, raw counts of species from the literature reproduce the general shape of the diversity gradient established from field collections, including low species richness in nearshore environments and peak diversity in carbonate buildups. Rarefaction of species records confirmed the overall shape of the gradient, although the rank order of some facies was obscured by sampling problems. The results suggest that the adequacy of the published fossil record depends upon the level of analysis. Gross diversity patterns retrieved in this study appear to be robust, but resolution of fine detail is influenced by sampling issues.
INTRODUCTION
Taxic paleobiology (Adrain and Westrop, 2000) , the analysis of systematic data compiled from the published literature, has been among the most influential areas of paleontology over the past 25 years. Much of the conceptual basis of contemporary evolutionary paleobiology has been derived from the analysis of databases (e.g., Sepkoski, 1978 Sepkoski, , 1979 Sepkoski, , 1984 Sepkoski and Miller, 1985; Jablonski, 1986; Erwin et al., 1987; Foote, 1988) , and the growing field of macroecology (Brown, 1995) has adopted the same approach. The impact of sample biases, such as the well-known correlation between taxonomic diversity and map area of rock in each period of the Phanerozoic (Raup, 1976b) , has been a fundamental issue. Solutions to the problem have involved novel approaches, such as Bambach's (1977) seminal study of within-habitat (alpha) diversity. Thanks to this and other studies, it has become accepted widely that at least the gross aspects of Phanerozoic diversity trends, such as the dramatic diversification during the late Mesozoic and Cenozoic, are real phenomena rather than *E-mail addresses: Westrop-swestrop@ou.edu; Adrain-jonathan-adrain@uiowa.edu. sampling artifacts Signor, 1990 ). More recent studies (e.g., Miller and Foote, 1996; Alroy, 2000a) have revisited this issue and have shown that correction for sample bias can alter patterns expressed in raw data.
Most of the pioneering work in taxic paleobiology (e.g., Sepkoski, 1978 Sepkoski, , 1979 dealt with patterns of diversity on a global scale and at relatively high taxonomic levels (ordinal and familial). More recently, literature-derived databases have been used to examine patterns within or between biogeographic regions and at much finer temporal and taxonomic resolution (e.g., Miller and Mao, 1995; Patzkowsky and Holland, 1997) . In this paper, we evaluate the impact of sample bias on literature-derived compilations of diversity at fine temporal and spatial scales. We focus on the species level and examine gradients in diversity between various shelf habitats in Laurentian North America. The success of the literature-based compilation in capturing the diversity trends is judged by comparison with independent estimates of species richness derived from field collections of known sample size (Westrop and Adrain, 1998) . As discussed by Bambach (1977) , field data of this nature are free of many of the potential biases that characterize literature-based compilations.
DATA
We selected the fossil record of Cambrian trilobites in Laurentian North America for analysis. Trilobites are of major biostratigraphic importance and have been studied intensively over the past 50 years (Palmer, 1977) . They are abundant in all shelf environments, and Raup (1976a) has estimated that about 75% of described Cambrian invertebrate species are trilobites. Thus, Cambrian trilobites can be regarded as having one of the best fossil records among macroinvertebrates.
The Sunwaptan stage (Ludvigsen and Westrop, 1985; Fig. 1A ) was selected for analysis because it is by far the most completely known interval of the Cambrian of Laurentian North America. The underlying Steptoean stage is incomplete over most of the craton between the Aphelaspis and Elvinia zones, an interval of relatively low sea level (LochmanBalk, 1970; Palmer, 1981) . Similarly, low sea level characterized the Lower Cambrian and most of the Middle Cambrian, and the craton was mostly exposed (Lochman-Balk, 1970) . During the Sunwaptan, Laurentian North America was a warm-water shelf in low lati- tudes, and the trilobite faunas show high levels of endemism (Taylor, 1977) .
Five distinct facies were included in the analysis ( Fig. 2) . At the shallowest end of the spectrum, nearshore siliciclastics and peritidal carbonates were combined into a single nearshore facies. Nearshore siliciclastics grade into mixed siliciclastics and carbonates deposited between fair-weather and average storm wave base. Shallow subtidal carbonates also represent environments between fair-weather and storm wave base. Carbonate buildups occur in both shelf-margin and shelf-interior sites. Deep subtidal carbonates are the most distal setting and record deposition below average storm wave base.
Intensity of sampling was estimated by compilation of the number of collections available in the published literature for each shelf habitat (list of references is available from Westrop). Sample localities cover a broad tract of the United States as well as the sedimentary sequences around the margins of the Canadian Shield (Fig. 1B) . We included only those collections in publications with accompanying taxonomic treatment and illustrations so that species identifications could be verified. Unsupported faunal lists were ignored. The number of species present in those collections was compiled, and the data set was standardized taxonomically by eliminating synonyms. The literature-based estimates of species richness then were compared with independent estimates from Sunwaptan field collections, which were derived from an earlier study of Cambrian and Ordovician trilobite alpha diversity (Westrop and Adrain, 1998) .
Comparisons between sampling intensity, literature-based estimates of diversity, and field data across the environmental gradient were performed using the nonparametric Kendall and Spearman rank-correlation coefficients (Sokal and Rohlf, 1981) . Statistics and significance levels (two-tailed tests at ␣ ϭ 0.05) were calculated using SPSS version 6.1.1 for the Macintosh (SPSS, 1995) . Miller and Foote (1996) used rarefaction (Sanders, 1968; Hurlbert, 1971; Tipper, 1979) to compensate for varying numbers of samples in each time interval of their literaturederived database. To implement this approach, we converted our data into numbers of records, where a record is the presence of a particular species in a particular collection. We employed the conventional method of rarefaction (Hurlbert, 1971) , rather than more recently suggested modifications (e.g., Alroy 2000b), because we wanted our results to be directly comparable to Miller and Foote's previous analysis of Ordovician marine diversity. Calculations were made using the program Analytical Rarefaction version 1.2 (Holland, 2000) .
RESULTS
The published literature yielded 1901 collections, and estimates of alpha (within-habitat; Sepkoski, 1988) diversity were based on 55 field collections of known sample size (a total of more than 8000 trilobite individuals). Figure 2A shows the mean value of species richness of field collections from each facies, rarefied to a standard subsample size of 90 individuals. These field data are used as a baseline for comparison with the literaturebased compilation. Maximum species richness occurs in carbonate buildups, whereas minimum diversity occurs in nearshore environments. Other facies have intermediate diversity, although the mixed siliciclastics and carbonates facies is closer to nearshore levels. Use of median values of raw species richness, which are strongly correlated with the rarefied data (Kendall rank correlation, ϭ 0.95; p ϭ 0.02; Spearman rank correlation, r s ϭ 0.95, p ϭ 0.005), does not alter this pattern.
Samples from the literature are not evenly distributed among facies, and half were collected from shallow subtidal carbonates (Fig.   2C ). Mixed siliciclastics and carbonates rank second, whereas carbonate buildups and deep subtidal facies together account for only 13% of the collections. The number of species recorded from the literature for each facies (Fig.  2B) shows no significant correlation with the number of samples (Kendall rank correlation, ϭ 0.32; p ϭ 0.45; Spearman rank correlation, r s ϭ 0.41, p ϭ 0.49). Although there are marked inequities in the distribution of samples, the literature-based counts (Fig. 2B) reproduced both the diversity peak of the carbonate buildup facies and the minimum in the nearshore that are evident in the field data (Fig. 2B) . Compared to the field data, deep subtidal diversity is underestimated, and this must reflect sampling bias because the deep subtidal facies contributed only 3% of the collections from the literature. However, in general, the diversity signal from the raw, literature-based compilation shows a strong, significant correlation with the field data (Kendall rank correlation, ϭ 0.80; p ϭ 0.05; Spearman rank correlation, r s ϭ 0.90, p ϭ 0.04).
The literature-based compilations for most of the facies include data from several geographic regions, and thus they incorporate both alpha diversity and a spatial component of diversity, or beta diversity (Sepkoski, 1988) . To evaluate the possible impact of beta diversity on the results, we performed a second comparison in which the literature-based compilation for each of the five facies was restricted to the single geographic region that had contributed the largest number of species. These were also the regions that provided most (85%) of the field collections to each facies. In this way, field and literature-derived data from the same geographic region can be compared. Rank orders of the habitat types are unchanged (Fig. 2B) , so that there is still a significant correlation with the field data ( Fig.  2A) . In the compilation for all regions, the numbers of species recorded in buildups and, to a lesser extent, in shallow subtidal carbonates and mixed siliciclastics and carbonates have evidently been inflated by beta diversity, relative to the nearshore and deep subtidal facies.
Rarefaction (Fig. 3) reproduced the gross pattern of the literature-based compilation, both for the full data set (Fig. 3A) and with the restricted geographic coverage (Fig. 3B) . Carbonate buildups and nearshore facies showed the highest and lowest diversity, respectively, with the remaining three facies at intermediate levels (although closer to nearshore than to carbonate buildup species richness). The bias toward shallow subtidal carbonates is at its most extreme when geographic coverage is reduced (Figs. 2C, 3B), at which point this facies accounts for 65% of collections and 55% of the total number of records. The slope of the rarefaction curve for shallow subtidal carbonates (Fig.  3B) is reduced greatly at 500 records, so that the next 1435 records add few new species from the local pool.
The rarefaction curves also show that a more refined understanding of the diversity patterns is not possible, because of sampling issues. With the full data set (Fig. 3A) , the curves for nearshore and buildup facies have 95% confidence intervals that do not overlap with those for other facies (confidence intervals are not shown in Fig. 3 , to avoid cluttering the plots), but those for the other three facies do overlap. When the data are reduced to single geographic regions (Fig. 3B) , confidence limits for nearshore, shallow subtidal carbonates, shallow subtidal mixed carbonates and siliciclastics, and carbonate buildups are nonoverlapping for at least the upper parts of the curves. The small sample size of the deep subtidal facies remains problematic. The rarefaction curves (Fig. 3, A and B) for this facies follow steep trajectories and might exceed the diversity of the two shallow subtidal facies if larger sample sizes were available. Thus, the relative ranks of the three intermediate facies cannot be determined with confidence.
CONCLUSIONS
The record of Late Cambrian trilobites is biased profoundly toward nearshore and shallow subtidal, level-bottom environments. Buildups and deep subtidal facies constitute only 13% of the available collections, yet field data ( Fig. 2A) indicate that these settings are among the most species rich. There is no reason to suppose that the Sunwaptan data are atypical, and we suggest that the bias toward shallower water facies is probably representative of the entire Paleozoic history of trilobites and of the marine fossil record in general.
Despite this bias, the general trends in diversity evident in field data were retrieved in raw compilations from the literature. Rarefaction confirmed gross aspects of the gradient: maximum and minimum diversity in carbonate buildups and nearshore facies, respectively, and shallow subtidal carbonates, subtidal mixed carbonates and siliciclastics, and deep subtidal facies at intermediate levels. Uneven sampling prevented further resolution of the rank order of the intermediate group of facies.
The results suggest, not surprisingly, that the adequacy of data mined from the literature depends upon the level of analysis. The more we ask of the published fossil record, the greater are the problems imposed by such biases as uneven sampling effort or differences in the duration of sample intervals (e.g., Miller and Foote, 1996; Alroy, 2000a) . Gross aspects of the diversity gradient described here appear to be robust to sampling bias, but detailed relationships between some of the facies are not. In this respect, the results of our analysis are similar to those of Miller and Foote's (1996) evaluation of the record of the Ordovician radiation. Rarefaction confirmed that the Ordovician was a period of dramatic increase in marine diversity. However, details of the radiation were altered, both the time of initiation and the duration of the radiation differing significantly in the rarefied data. As taxic paleobiology attempts to retrieve and analyze the fine structure of diversity patterns from the published literature, sample bias will become a central issue (e.g., Miller and Foote, 1996; Alroy, 2000a) . The limits to resolution that these biases impose on paleobiological data remain to be seen.
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